Objective: To examine whether phosphorylated vascular endothelial growth factor (VEGF) receptors shed into the vitreous reflect the ongoing retinal and choroidal signal pathway activity in wet age-related macular degeneration (AMD).
A

GE-RELATED MACULAR DE-
generation (AMD) is the leading cause of vision loss and blindness in individuals older than 60 years in the developed world. 1, 2 Treatments of wet AMD are rapidly evolving and some now target specific biochemical events such as angiogenesis. The use of pharmacotherapy targeting vascular endothelial growth factor (VEGF) has been shown to slow vision loss and even lead to vision improvement in some patients with wet macular degeneration. Currently, the 3 anti-VEGF therapies are pegaptanib, ranibizumab, and bevacizumab. [3] [4] [5] [6] [7] [8] [9] The current experience with these inhibitors reveals that although these therapies are successful in most patients, the response to anti-VEGF therapy varies greatly and it is unknown what biological parameters play a role in determining response. Despite the increasingly sophisticated imaging technology and treatment modalities available, there is a tremendous unmet need for technologies that can (1) guide initiation of treatment at the earliest possible time, preferably prior to the loss of vision, (2) predict and guide the need for retreatment before recurrence of the exudative process occurs because many current treatment protocols rely on the recurrence of damaging leakage and edema to trigger retreatment, and (3) understand the other factors involved in patients who have suboptimal response to treatment or are recalcitrant to treatment, with the goal of developing new targets for drug development.
Growth factors such as VEGF interact with their target cells, most likely vascular endothelial cells in the case of wet AMD, by activating cellular receptors. When receptors are activated they become phosphorylated. Knowing that a receptor is phosphorylated gives a direct read-out indicating that the associated biochemical pathway is active and playing a role in biological behavior. If we could detect phosphorylated growth factor receptors in microliter samples of fluid vitreous from eyes with wet AMD, we might get new insights into the disease state of a given eye. Phosphorylated or activated growth fac-tor receptors have not been previously described in the vitreous. In the present study, we tested the novel hypothesis that phosphorylated or activated forms of receptors associated with neovascularization could be found in the vitreous. In addition, we asked whether the levels of these receptors might be different in eyes that responded to anti-VEGF treatment compared with those that did not respond.
Levels of phosphorylated VEGF receptor were measured in fine-needle aspirates of fluid vitreous from eyes with wet AMD immediately prior to undergoing treatment with intravitreal bevacizumab and control eyes with macular hole, epiretinal membrane, and/or retinal detachment. The use of a novel technique using reversephase protein microarrays provided a method to measure levels of phosphorylated VEGF receptor as well as other phosphorylated receptors in volumes as small as 50 µL. The acquisition of these extremely small samples did not result in any complications during this study. Previous studies of protein levels in vitreous fluid have required larger sample sizes, thereby resulting in the need for vitrectomy. [10] [11] [12] Techniques described in the current study allow fine needle aspirates to be acquired as a lowrisk office procedure. We were able to detect levels of phosphorylated VEGF receptor in the vitreous of eyes with wet AMD that differed significantly from levels in eyes with other diseases. Furthermore, the level of activated VEGF receptor in eyes with wet AMD was correlated with response to anti-VEGF therapy. In 2 of the eyes, we measured VEGF receptor levels just prior to and 1 month following intravitreal injection of bevacizumab.
These findings introduce the potential for an unanticipated and novel diagnostic tool that could be instrumental in guiding and monitoring treatment of many blinding ocular diseases.
METHODS
SPECIMENS AND PATIENT DATA
Vitreous samples were collected from 16 patients after informed consent was obtained, following an institutional review board-approved protocol (Western IRB, Olympia, Washington) and adhering to the tenets of the Declaration of Helsinki. Control samples were collected from surgical patients immediately prior to pars plana vitrectomy (n=5) for macular hole, epiretinal membrane, or retinal detachment. Samples were collected from 10 patients with wet AMD and 1 patient with idiopathic choroidal neovascularization, all of whom required treatment with intravitreal bevacizumab. Patients underwent vitreous sampling in the office prior to intravitreal injection. Two patients had vitreous samples taken immediately prior to intravitreal injection and 1 month later, prior to reinjection.
In each case, a topical anesthetic followed by additional anesthetic was applied to the ocular surface via a cotton pledget. A sterile eyelid speculum was placed between the lids. Betadine, 5%, was applied to the ocular surface and fornix to achieve sterility. A 1-mL syringe with a 25-gauge needle was used to obtain a small quantity (0.05-0.2 mL) of liquid vitreous through the pars plana, 4 mm posterior to the limbus. Care was taken to avoid aspiration of any subconjunctival or surface fluid while withdrawing the needle from the eye. All specimens were frozen at -20°C for storage until subsequent analysis by reversephase protein microarrays.
Patients were characterized as responders vs nonresponders based on their response to bevacizumab treatment 1 month after the intravitreal injection. A patient was considered a responder if they met one of the following criteria: (1) improvement in visual acuity of 10 letters or more by Early Treatment Diabetic Retinopathy Study visual acuity, (2) decrease in central 1-mm retinal thickness by 40 µm using optical coherence tomography (OCT), (3) decreased area of leakage on fluorescein angiography by 50% (leakage area measured on Heidelberg between subsequent visits by a masked independent observer [G.D.]), or (4) closure of retinal angiomatous proliferation lesion.
Patients were monitored for complications including endophthalmitis, vitreous hemorrhage, retinal detachment, and any unanticipated loss of vision during the 4 months following vitreous aspiration. 
REVERSE-PHASE PROTEIN MICROARRAYS Protein Microarray Construction
Control Microarrays
Cellular lysates prepared from A431 ± EGF (epidermal growth factor), HeLa ± pervanadate, human endothelial ± pervanadate (Becton Dickinson, Franklin Lakes, New Jersey), and CHO-T (Chinese hamster ovary T cells) ± insulin (Biosource/ Invitrogen, Carlsbad, California) were printed on each array for quality control assessments. Human endothelial ± pervanadate cellular lysates were printed on arrays for sensitivity and precision comparisons.
Protein Microarray Immunostaining
Immunostaining was performed on an automated slide stainer per manufacturer's instructions (Autostainer CSA kit; Dako, Carpinteria, California). Each slide was incubated with a single primary antibody at room temperature for 30 minutes. Polyclonal primary antibodies were VEGF receptor (VEGFR) Y996, VEGFR Y1175, platelet-derived growth factor receptor ␤ (PDG-FR␤) Y716, PDGFR␤ Y751, and c-KIT Y703 (Cell Signaling Technology, Danvers, Massachusetts). A negative control slide was incubated with antibody diluent. Secondary antibody was goat antirabbit IgG H ϩ L (1:5000) (Vector Laboratories, Burlingame, California). Total protein per microarray spot was determined with a Sypro Ruby protein stain (Invitrogen/ Molecular Probes, Eugene, Oregon) per manufacturer's directions and imaged with a charged couped device (CCD) camera (Alpha Innotech, San Leandro, California).
Bioinformatics Method for Microarray Analysis
Each array was scanned, spot-intensity analyzed, and data normalized, and a standardized single data value was generated for each sample on the array (Image Quant v5.2; GE Healthcare, Piscataway, New Jersey). Spot intensity was integrated over a fixed area. Local area background intensity was calculated for each spot with the unprinted adjacent slide background. This resulted in a single data point for each sample for comparison with every other spot on the array. Each sample was printed in duplicate in a miniature dilution curve. All of the data was analyzed to derive a concentration value averaged between the replicates and within the linear range of the dilution curve.
STATISTICS
Multiple means comparison (Kruskal-Wallis Test) was used to compare values among 3 groups. P Ͻ .05 was considered significant.
RESULTS
STUDY PATIENTS
Vitreous samples were collected from 16 patients. Five control samples were collected prior to pars plana vitrectomy from patients with macular hole (n=1), epiretinal membrane (n=1), or retinal detachment (n=3). Eleven patients received treatment with intravitreal bevacizumab. The number of intravitreal injections prior to vitreous sampling ranged from 0 to 5. All samples were obtained at least 4 weeks after prior treatment. Six patients were characterized as nonresponders and 5 as responders. Two patients (patients 2 and 7) had vitreous samples taken immediately prior to intravitreal injection and 1 month later, prior to reinjection. Patient 2, defined as a responder, was naive to treatment and received feeder vessel treatment and intravitreal bevacizumab. Patient 7, a nonresponder, had received 2 intravitreal bevacizumab injections prior to the first vitreous sample. The last injection was done 4 weeks before the first sample was obtained ( Table 1 and Table 2 ).
There were no complications including endophthalmitis, vitreous hemorrhage, retinal detachment, or any unanticipated loss of vision during the 4 months following vitreous aspiration.
REVERSE-PHASE PROTEIN MICROARRAY SENSITIVITY AND PRECISION
Sensitivity and precision of the reverse-phase protein microarrays using recombinant molecules, microdissected tissue samples, and fine-needle aspirates has been previously reported. [13] [14] [15] [16] Variations in robotic printing devices will affect microarray spot size, protein loading, and sensitivity; therefore, human endothelial cell lysates treated with pervanadate were used as a model of phosphorylated VEGFR sensitivity and precision (Figure 1 ). Human endothelial cells are known to express approximately 100 000 VEGFR per cell. Sensitivity of the arrays to VEGFR Y951 was found to be 3660 receptor molecules. To determine interslide precision, human endothelial cells treated with pervanadate were printed in duplicate on 8 slides and immunostained with anti-VEGFR Y951. Excellent dose-response curves were observed between arrays (coefficient of variation [CV], 5.0% to 17.8%; n=8) ( Figure 2A ). Within-run variation (n=12) was found to be within 2.0% to 18.1% for the human endothelialϩpervandate cell lysate, with good linearity (R 2 =0.9693) ( Figure 2B ).
ACTIVATED VEGF RECEPTOR LEVELS FOUND IN THE VITREOUS ARE ASSOCIATED WITH DISEASE RESPONSE
The phosphorylated form of VEGFR Y1175 was detectable in the vitreous, as were other angiogenesis-related receptors and proteins (PDGFR␤ Y716, PDGFR␤ Y751, VEGFR Y996, and c-KIT Y703 (Figure 3 ). There was no statistical difference between the nonresponders and controls. In addition, there was a statistically significant difference in VEGFR Y996 (P Ͻ .04) and PDGFR␤ Y751 (PϽ.002) for the responder group compared with the controls and nonresponders. Levels of PDGFR␤ Y716 (PϽ.96) and c-KIT Y703 (PϽ.05) were not found to be significantly associated with treatment response categories.
PHOSPHORYLATED VEGF RECEPTOR AS A MARKER OF ANTIANGIOGENIC THERAPY
In 2 eyes (patients 2 and 7), VEGFR-Y1175 was measured from vitreous samples taken just prior to and 1 month following intravitreal injection of bevacizumab. Patient 2, characterized as a responder, showed a 50% Figure 4A ). Patient 7, characterized as a nonresponder, showed no decrease in area of leakage on fluorescein angiography, increased central 1-mm retinal thickness on OCT from 361 to 422 µm, and no improvement in vision. This patient had a low level of VEGFR-Y1175 prior to treatment, similar to levels found in control and nonresponder eyes. This patient exhibited a concomitant increase in VEGFR Y996, c-KIT Y703, and PDGFR␤ Y716 after treatment. This is in direct contrast to patient 2, who responded to treatment and exhibited reductions in these same proteins after treatment ( Figure 4B ). Although there were reductions in the target protein (VEGFR Y1175) in both of these patients, their disparate treatment response may be attributed to the activity of other angiogenic related receptors that appeared to increase after treatment in patient 7.
COMMENT
The presence of cell receptors and their activated phosphorylated forms in the fluid vitreous of human eyes supports the hypothesis of our study. In addition, the data show that levels of activated receptors can be measured in small samples that can be acquired as the result of an office procedure with seemingly minimal risk and that the activated receptor levels in this initial set of patients correlate with treatment response. These novel findings, as usual, require further study to determine the significance of this initial work. However, our current findings have the potential to serve as the basis for new diagnostic and research opportunities that may assist in advancing the treatment of AMD and many other ocular diseases.
The findings of this pilot study might not have been expected, based on our current understanding of the vitreous proteome. 17, 18 The vitreous is constantly bathing the retina and its supporting tissues, therefore vitreous fluid has the potential to accumulate by-products that could serve as indicators of cellular activity in diseases such as AMD. 12, 19 However, there have been no reports, to our knowledge, of activated growth factor receptors found in the vitreous of patients with AMD or other ocular disorders. Furthermore, even if cell receptors are released into surrounding fluids, they are larger than most molecules previously targeted for detection and there are significant barriers blocking transit of such large molecules from subretinal tissues and retina into the vitreous. [20] [21] [22] [23] Therefore, it is not clear whether these large cell receptor molecules could reach the 7 500 000 6 500 000 7 000 000 6 000 000 5 500 000 4 000 000 4 500 000 2 500 000 3 000 000 1 500 000 2 000 000 1 000 000 500 000 7 500 000 6 500 000 7 000 000 6 000 000 5 500 000 4 000 000 4 500 000 2 500 000 3 000 000 1 500 000 2 000 000 1 000 000 500 000 3 500 000 5 000 000 0 0 100 000 200 000 300 000 600 000 800 000 700 000 900 000 500 000 400 000 1 000 000 vitreous. Even if they do, they may be cleared so rapidly that detection is prevented. Furthermore, if only the fluid portion of the vitreous is aspirated, the molecules of interest may be bound to the formed portions of the vitreous and remain undetected. 17 Despite the aforementioned considerations, such activated receptors and signal pathway proteins known to be associated with neovascularization were indeed detected in the present vitreous study. Consequently, these findings may provide important insights into retinal tis- sue permeability for macromolecules and active pathways in disease pathogenesis.
Molecules of Receptor
While there have been reports of growth factor receptor shedding into serum (eg, Her2/neu receptor fragments), thus supporting the concept of receptor shedding into body fluids, the existence of growth factor receptors and, more importantly, phosphorylated receptors has, to our knowledge, never been reported in the vitreous. 24 Here we have shown that phosphorylated forms of receptors and cell signaling proteins are shed or secreted and retained in the closed vitreous chamber (Figure 3) . Past attempts to identify protein biomarkers in human vitreous fluid focused on a small number of soluble cytokines, but did not previously consider the soluble or shed forms of receptors or signal pathway proteins and did not previously consider the phosphorylated or posttranslational modification forms of proteins. 17, 25 These molecules potentially constitute a recording of the health or disease state of the retina. Just as a blood sample may contain markers for a heart attack, markers in the vitreous could provide information on the biology of wet AMD, diabetic retinopathy, venous occlusive disease, macular edema, and a host of other diseases, yielding unprecedented information about pathogenesis and treatment opportunities. Although the most likely source of activated VEGFR in the vitreous of patients with AMD is vascular endothelial cells, we need to consider other cellular origins in future studies.
The specific receptors that we focused on in the current study are associated with neovascularization and vascular permeability. We chose these receptors because neovascularization and increased vascular permeability in diseases such as AMD are controlled by VEGF and there are specific pharmaceutical agents that can block the effects of VEGF in these diseases. [26] [27] [28] Growth factors such as VEGF interact with their target cells, most likely vascular endothelial cells in the case of wet AMD, by activating cellular receptors. When receptors are activated they become phosphorylated. Measuring levels of phosphorylated receptors may serve as an indication of growth factor and cellular activity in diseases such as AMD.
We showed that vitreous levels of phosphorylated VEGFR Y1175 in patients with wet AMD were significantly higher than levels found in control eyes with nonneovascular diseases such as epiretinal membrane, macular hole, and retinal detachment. Furthermore, the vitreous levels of phosphorylated VEGFR Y1175 in patients with wet AMD appear to correlate with the response to bevacizumab therapy. The 10 patients who received intravitreal bevacizumab were defined as either responders or nonresponders based on clinical parameters. The nonresponder samples revealed VEGFR Y1175 levels similar to the 5 control samples, with no angiogenic activity ( Figure 3B and Figure 4B ). The nonresponder and control groups had lower mean levels of VEGFR Y1175 compared with the responder group, suggesting that the signature of changes in phosphorylated protein receptors in the fluid vitreous may reflect the active state of phosphorylation events in the eye.
Two patients had vitreous samples taken immediately prior to intravitreal injection and 1 month later. Patient 2, characterized as a responder, had a good clinical response, with decreased area of leakage on fluorescein angiography and decreased retinal thickness on OCT. The patient's visual acuity improved from 20/80 to 20/60. This patient had initial high levels of VEGFR Y1175 prior to treatment, similar to others in the responder group. There was a 32% drop in VEGFR Y1175 levels after treatment with bevacizumab. Patient 7, characterized as a nonresponder, showed no decrease in area of leakage on fluorescein angiography, increased central 1-mm retinal thickness on OCT, and no improvement in vision. This patient had a low level of VEGFR Y1175 prior to treatment. There was some decrease in the already low levels of VEGFR Y1175 after treatment, but these levels were in the range of controls and nonresponders ( Figure 4B ). Interestingly, this patient exhibited a concomitant increase in VEGFR Y996, c-KIT Y703, and PDGFR␤ Y716 after treatment, whereas patient 2 had a decrease in these activated receptor levels in the vitreous ( Figure 4A ). Specific phosphorylation sites on the VEGF receptor are associated with different functions. For example, phosphorylation at tyrosine 1175 activated receptor binding to downstream proteins that ultimately regulate cell growth. 29 On the other hand, phosphorylation at tyrosine 996 causes receptor internalization. 30 These data suggest that patients who have minimal or no response to anti-VEGF therapies may have other pathways responsible for neovascularization and exudation. With this new technology, we can probe for alternative growth factors and cell signaling proteins that may be responsible for disease activity in recalcitrant patients.
A limitation of the study is the small number of patients studied. It remains to be seen if the differences in VEGFR between responders and nonresponders will be observed with increased study sample size. Also, with the exception of one patient, all of our patients had previously received intravitreal bevacizumab. Now that we have demonstrated a technique to detect phosphorylated or activated receptors in the vitreous, we can further evaluate the interactions between growth factor inhibitors such as bevacizumab and receptor activation. For instance, we can examine patients naive to treatment and evaluate samples longitudinally to better determine how bevacizumab treatment alters growth factor cell signaling protein levels long-term. We can also ask if activated receptor levels can predict disease recurrence prior to the onset of damaging leakage and edema, which has to occur prior to detection with current modalities such as OCT and angiography.
In our study, response to therapy was defined as (1) improvement in visual acuity of 10 letters or more, (2) decrease in the height of subretinal fluid or decrease in central 1-mm retinal thickness by 40 µm on OCT, (3) decreased area of leakage on fluorescein angiography by 50%, and (4) closure of retinal angiomatous proliferation lesion. The criteria used to define response to therapy were based on clinical observations and a modification of criteria from the recently published Prospective Optical Coherence Tomography Imaging of Patients With Neovascular AMD Treated With Intraocular Ranizumab (PrONTO) study. 31 We chose parameters that were clinically relevant, but as we were looking for a biologic, not treatment, effect, the parameters were neces-(REPRINTED) ARCH OPHTHALMOL / VOL 127 (NO. 5), sarily somewhat different than those used in clinical trials designed to determine if treatment was of adequate functional consequence.
From a clinical point of view, a method to detect the activation of the VEGF pathway early in the process could result in a powerful diagnostic tool to predict and monitor the development and recurrence of wet AMD prior to the occurrence of any tissue damage. To be useful, this technique would need to be low-risk and have the ability to be repeated at multiple time points during the disease process. Without the knowledge brought to light by our study that activated receptors are shed and can be detected in the vitreous of patients, tissue biopsy would have been needed to measure receptor levels. Repeated tissue biopsy in cases of AMD is not practical owing to the inherent risks to the delicate and highly vascular structures involved.
Prior attempts to use vitreous samples to monitor a disease process have been hindered by the requirement of existing assays for large amounts of material. Therefore, the only way to obtain samples of sufficient size has been during vitrectomy. In addition, needle aspiration of vitreous fluid has been considered to carry risks that preclude its routine use, thereby relegating vitreous sampling to patients undergoing vitrectomy. However, vitrectomy is rarely performed in eyes with AMD and, in fact, is rarely performed in eyes with other sight-threatening diseases such as diabetic retinopathy or venous occlusive disease. These past concerns are being obviated by the advent of intraocular injection therapy and new highly sensitive technologies requiring small sample volumes.
Vitreous samples in our study were obtained in the office prior to intravitreal treatment with bevacizumab. Previous studies have obtained vitreous samples by pars plana vitrectomy, which requires the patient to undergo a surgical procedure. Our methods were designed so sufficient vitreous volume (50-200 µL) can be obtained by a simple in-office procedure. Though there may be differences in the composition of different areas of the vitreous, we have shown that sampling of the fluid vitreous via fine-needle aspiration yields significant differences in activated receptor levels among patients with AMD and that difference correlates with the response to anti-VEGF treatment. In this way, we have a potential diagnostic tool that can be used in an office setting that avoids the previous requirement for vitreous sampling as part of vitrectomy, a procedure rarely performed in patients with AMD.
There have been no complications due to fine-needle aspiration of fluid vitreous in this series. However, a relatively small number of patients were studied; therefore, further studies are necessary to ensure safety. The potential for safety of this diagnostic procedure is improved by the ability of our novel techniques to analyze samples as small as 50 µL.
At any point in time, the phosphorylated state of a cellular protein is the result of the balance between ongoing kinase and phosphatase activity. Consequently, phosphorylated proteins shed into the vitreous may provide a real-time recording or snapshot of the ongoing active state of signal pathway cascades. Such molecules may be a reflection of the ocular disease process. The new class of molecular targeted inhibitors such as pegaptanib, ranibizumab, and bevacizumab block the activity of kinase signal pathways. Bevacizumab binds and inhibits all forms of VEGF-A. 6 Successful blockade of VEGF will suppress the phosphorylated state of the VEGF receptor. Thus if the treatment is suppressing the targeted pathway, it would be expected to alter or block the phosphorylation of the receptor and, in turn, block the phosphorylation of proteins downstream of the receptor. In the case of anti-VEGF therapy, efficacy will be reflected in the suppression of the phosphorylation of the VEGF receptor, which is normally stimulated by VEGF. In this way the phosphorylated form of the receptor may provide a functional read-out of whether the therapy is working and also may show how effectively it is working. Measuring the vitreous levels of phosphorylated receptors at any given time in the course of therapy may also provide a method of determining timing of retreatment. This could have major significance if the need for retreatment could be predicted prior to the recurrence of edema, hemorrhage, and tissue damage, however indolent, that is associated with these events.
Our data have revealed the previously unknown existence of phosphorylated (activated) forms of VEGF receptors, PDGF receptors, and c-KIT in human vitreous obtained by fine-needle aspiration of 0.05 mL or more of fluid vitreous during an office procedure. These activated signal pathway proteins presumably originate from retinal or subretinal cells. We showed significant differences in the levels of these biomarkers between neovascular AMD disease and nonneovascular disease. In a subset of patients for whom vitreous samples were available before and after treatment, the difference in receptor levels was associated with response to therapy with bevacizumab. Measurement of specific phosphorylation patterns of targets such as VEGFR Y1175 and other signal pathway proteins in the vitreous could become the basis for early detection, prognostic determinations, and individualized timing of therapy for patients with AMD as well as offering the potential to identify other therapeutic targets. This study warrants further exploration of the vitreous phosphoproteome. 
